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It  is  our  purpose  to  characterize heart  muscle  structurally  and 
functionally in various ways at successive ages.  In view of Crozler's~ 
recent work  which  suggested  that  the  quantitatively  determined 
effect of temperature on the velocity of biological processes may serve 
to identify the nature of the underlying reaction,  it was deemed of 
interest to determine the temperature characteristic, and to discover 
whether, in the case of rhythmically contracting fragments of heart 
muscle, the effect of temperature upon the rate of contraction might 
not be functional to the age of the embryo and the location in the heart 
from which the section was removed.  This particular investigation 
was facilitated by the fact that during the course of other experiments 
we had occasion to make numerous cultures of chick embryonic heart 
muscle  sections  in  clotted  plasma,  which  were  fourM  to  contract 
rhythmically for many days without external stimulation and thus to 
provide ahnost ideal material ready at hand for the present purpose. 
Following Arrhenius, who first pointed out that a linear relationship 
exists between the logarithm of the  velocity of a  chemical reaction 
and the reciprocal of the absolute temperature, biologists showed that 
the  velocities  of  numerous  physiological  processes  were  similarly 
affected by temperature, a  fact which gave presumptive evidence of 
the chemical nature of such phenomena. 
1 Crozier, W. J., Numerous papers in  J. Gen. Physiol.,  1923-25,  especially  ]. 
Gen. Physiol., 1924-25, vii, 189. 
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More recently Crozier has collected from the literature the data on 
temperature  effects that  were  capable  of  mathematical  treatment. 
He has used the equation of Arrhenius in the form: 
--  ~---  e 
where KI  is  the  velocity at  absolute  temperature  T~, and  Ks  the 
velocity at T2, and 2 is the critical thermal increment (#) divided by the 
Ks  gas constant (2).  In the case in which T2  =  T1 +  10 then ~  =  the 
temperature coefficient (Q10) for that  temperature interval, as com- 
monly employed by the chemist.  To bring into relief the value/~ the 
above equation may be written: 
log K2 -- log K1  =  4.61 
1  1 
T~  T2 
Investigators entertained the hope that a  knowledge of the effect 
of temperature upon the rates of biological reactions would elucidate 
the nature of the slowest in the complex of reactions which made up 
the phenomenon under observation.  Very little was discovered when 
the temperature coefficient was used as an index, except to separate 
the chemical from the physical phenomena, as the former were found 
to  have lower or negative temperature coefficients.  The emphasis 
of Crozier upon the value of t* instead of Q10 seems to depend upon three 
advantages in its use:  (1)  a  greater range of values  as  empirically 
determined;  for,  whereas Qlo  for  chemical reactions usually varies 
between 2.0 and 4.0, tz has a range between 4,000 and 35,000;  (2) the 
fact that in some cases at a certain point in the temperature scale an 
abrupt change in the value of # may occur, indicating a shift to a new 
limiting reaction, which is masked if the usual method of obtaining 
Q~0 is used.  (3)  The value for Qlo is not constant but changes con- 
tinuously with the temperature; whereas this is not true  for tz.  The 
chief purposes of obtaining the temperature increment for a biological 
process are  (1)  as  a  criterion for exact empirical classification, and 
(2)  to discover the chief underlying reactions by a comparison with 
temperature characteristics of simple known chemical reactions. HENRY  A. MU-RRAY~ JR.  783 
Crozier  has  brought  forward evidence to  show  that  the  values 
grouped around Ii,500 depend upon a reaction catalyzed by hydroxyl 
ions, whereas those between 16,000 and 17,000 involve some oxidation- 
reduction system.  These  speculations  are  partly  based  upon  the 
work of Rice and others who have attempted on theoretical grounds 
to give #  some meaning.  It has been found that diverse reactions 
yield the  same temperature characteristic provided they have  the 
same catalyst, and conversely that the same reaction exhibits different 
temperature characteristics when  activated  by  different catalysts. 
Finally it seems that ~ is specific for a reaction and is independent of 
the amount of catalyst. 
Technique. 
Experiments were done in an electrically heated box,  which  con- 
tained the culture plate on the stage of the  microscope.  The  tem- 
perature was raised and lowered by closing and opening an outlet on 
the top of the box.  The fragments cut from the auricles and ventricles 
of chick hearts of different ages were implanted in plasma  on  the 
under surface of the mica cover glass of a Gabfitschewski dish accord- 
ing to our usual tissue culture technique.  A thermometer resting upon 
the  mica  immediately  above  the  fragment  under  observation 
registered the temperature.  The contractions observed through the 
microscope were counted with the aid of a stop-watch or in other ways. 
Observations were made between 32  ° and 40°C. since there is danger 
of damaging the contraction mechanism outside that range.  It was 
found that  the heart fragment was more sensitive  than  the  ther- 
mometer, and that on account of the lag in the latter, the tempera- 
ture had to be changed slowly.  It was the practice to lower and raise 
the temperature through the entire scale.  If the rate of contraction 
as it changed with temperature did not travel the same course on 
both its journeys, i.e. up and down, and did not return to  the same 
point  from  which it  started,  the  experiment  was  discarded;  if it 
seemed to be satisfactory in these respects,  however, the procedure 
was repeated once, twice, or even three times, the experiment covering 
2 to 5 hours of continuous observation. 784  PHYSIOLOGICAL  ONTOGENY,  X 
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~IG. 1.  The contraction  rate of an auricular  fragment from an 8 day embryo 
compared with the temperature  in two ways. H:ENRY A.  MURRAY,  JR.  785 
P..ESULTS. 
After trying many ways of equating velocity with temperature,  the 
conclusion was reached that the Arrhenius equation was  the  only one 
that would hold in the majority of cases covering the  entire  range  of 
contraction rate. 
In general, at 38°C. fragments from the auricles beat two to six times 
faster than those from the ventricles.  The former showed variations 
from 60 to 180, approximately, whereas the latter's range was limited 
between  about  25  and  40  beats per  minute.  When  the  logarithm 
TABLE  I. 
Temperature  Characteristic  (t*) for Auricular and  Venlricular  Fragments  of Em- 
bryonic Heart Muscle. 
days 
3 
4 
5 
6 
7 
8 
14 
15 
16 
17 
Auricle. 
Age.  ,verage 
:ate of 
3ntrac- 
tions.* 
38 
8O 
156 
121 
76 
113 
182 
130 
125 
162 
?empera- 
ture 
haracter- 
istic. 
13,500 
:1,300 
3,400 
3,000 
4,300 
4,800 
3,800 
0,100 
8,300 
9,200 
~tandard 
tevia2on. 
4,000 
1,000 
Ventricle. 
• of  Average  Tempera- 
erl-  rate of  ture 
contrae-  character- 
nts.  fion.*  istic. 
37 
30 
27 
35 
37 
10,900 
17,100 
8,300 
14,400 
17,300 
Standard 
deviation. 
1,000 
*Taken at 38°C. 
of the rate was plotted against the reciprocal of the absolute tempera- 
ture there was often a slight curve, either convex upward or downward, 
but as  the  number  of examples  of each  type balanced,  these small 
divergences were not considered significant and the slope of the best 
straight line determined the value of ~ (Fig. 1).  As care was taken to 
discard  all  experiments  in  which  the  contracting  fragment  did  not 
repeat its performance at least once over the entire scale of recorded 
temperatures,  and inasmuch  as in some cases 200 or more observa- 
tions were made of one piece, some confidence was felt in the accuracy 
of the results (Table 1).  From an examination of the figures and the 786  PHYSIOLOGICAL  ONTOG~.IqY.  X 
table it may be observed that there is the greatest irregularity in the 
values  obtained  (Figs.  2  and  3).  For instance in  the eight  8  day 
auricular sections examined, the value of t, varied from 9,000 it 18,000, 
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FIG. 2.  The contraction rate of auricular fragments from embryos of 3, 4, 5, and 
6  days of incubation respectively. ~ir~RY A. ~R~Y,  jR.  78 7 
and  the rate  of contraction at  38  °  from  51  to  167.  No significant 
corre]ations could be made between ~ (the critical thermal increment) 
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FIG. 3. The contraction rate of ventricular fragments from embryos  of 4, 5, and 
8 days of incubation respectively. 788  1)HYSIOLOGICAL  ONTOGENY.  X 
and any other function,  such  as the age, the original  location of the 
cardiac  fragment,  or the  contraction  rate  at 38°C.  Comparing  the 
average  figures  for  auricular  fragments  there  seems  to  be  a  slight 
tendency towards a  diminution  in temperature  effect with age.  By 
extending the curve down to 30°C.  a  theoretical  figure was obtained 
/~40  o 
for  the  contraction  rate,  and  from  this K~0o --  Q10  =  temperature 
coefficient.  The temperature  coefficients calculated in  this way were 
found to vary between 1.5  and 4.3. 
These facts might lead one to question the significance of the tem- 
perature  characteristic,  inasmuch  as  pieces  from  the  same  heart 
presumably  exhibiting  similar  chemical  reactions  and  activated  by 
similar  enzymes  seem  to  show  no  tendency  to  uniformity.  The 
averages range  themselves around  14,000  4-,  but only three experi- 
ments out of the lot actually gave this value; a value, moreover, which 
is not commonly encountered for biolo~cal processes. 
Tissue  dislocated from  the  patterning  forces of the  organism  has 
thus  been  found  to  behave  in  an  irregular  fashion.  Possibly  the 
regularity  of the  temperature  effect as empirically  determined upon 
certain functions in vivo depends to a greater extent than is acknowl- 
edged upon the integrity of the organization and the interrelationships 
of the parts of the whole, and less upon one particular chemical reac- 
tion or catalyst. 
CONCLUSIONS. 
1.  The Arrhenius equation giving the relationship between the ve- 
locity of  chemical  reaction  and  temperature, was found  suitable for 
the  special  case of  the  contraction  rate  of  embryonic heart  muscle 
fragments. 
2.  There was no  constancy in  the values of ~ for the rate of con- 
traction in culture, nor was the scattering  evenly distributed  around 
certain  (more than one) points. 
3.  There seemed to be no correlation between ~ and other functions 
such  as  the  contraction  rate,  the  site  from which  the piece was re- 
moved, the age of the embryo, etc. 